In the present study, the explosion-proof detection integrated system (EPDS) is designed for social security. With the D-T neutron generator and BGO detector as the core components, the hardware modules in EPDS are optimized based on SNR evaluation in MCNP simulation. With the 50 MPa load on the internal surface in ANSYS software, the small deformation of wall (6.0354 mm) shows the good explosion-proof performance of EPDS. Furthermore, 6 kinds of explosives with 5 ordinary goods are measured, and the results shows the good resolution capability based on the element ratio method. Finally, with the investigation of detection results under different time gradient, the minimum detection time is discussed as 600 s.
Introduction
Public security is always the focus of people's attention. How to detect the explosive in the luggage effectively, as well as prevent the hazards and panic caused by explosion in public, is an urgent problem to be solved. In the public area, including airport, subway station, etc., X-ray unit [1] is the common device for luggage detection. By analyzing the geometry and density of goods in the luggage, the explosive may be distinguished. Moreover, the other technologies, Raman spectra technique [2, 3] , ion mobility spectrometry (IMS) [4, 5] , millimeter wave detection technology (MMW) [6, 7] , etc., are also employed for explosive detection in the public.
As one of the technologies in the field of measurement and analysis, PGNAA has become a regular analytical technique. With the conversion of stable atomic nuclei into radioactive nuclei by irradiation with neutrons, the characteristic gamma-ray emitted by the radioactive nuclei are collected for performing both qualitative and quantitative multi-elemental analysis. Due to its characteristics of high penetration, non-destructive, on-line in situ measurement and high analysis accuracy, PGNAA technique has been widely used in social security and other fields [8] [9] [10] [11] [12] [13] .
Based on the above techniques, some explosive detection systems are investigated for identifying the explosives in the luggage. However, though the hidden explosive in the luggage can be detected, it's difficult to be disposed in time with no explosion-proof function in the explosive detection system, and the potential explosion still threatens the lives of the public. Moreover, some explosion-proof device, such as explosion-proof tank and Bomb suppression blanket, are utilized in public at present, whereas, it can't identify the existence of explosive for a lack of detection function, and additional detection is necessary.
Hence, the explosion-proof detection integrated system (EPDS) based on PGNAA technique is investigated in the research. D-T neutron generator and BGO detector are set as the core for detecting the elements in explosive, including Hydrogen, Nitrogen, Carbon and Oxygen. Then, the EPDS is designed and optimized by Monte Carlo code, and every modules, including reflector layer, shielding etc., are optimized with the signal-to-noise ratio (SNR) chosen as the evaluation. Moreover, the explosion-proof function of optimized device is discussed based on the ANSYS simulation.
Finally, the experimental device is constructed based on the optimized model, and by measuring the prepared sample, the performance of device, such as resolution capability of explosive and detection time, is furtherly investigated.
Calculation method of SNR in MCNP
In PGNAA device, the only source of signal is the gamma ray activated from sample by neutron interaction. Meanwhile, the contributions of noise are listed as: (1) inherent background, (2) structural noise, (3) detector noise [13] . Thus, the SNR can be written as (shown in Eq. 1):
For quantifying the SNR of device in MCNP simulation, the total counts and signal counts are calculated. Firstly, the steps of calculating the signal contribution of sample in detector are as below:
Step 1 After the transport process of neutron, every lattice cell activated by neutron can be regarded as a gamma-ray source. For only analyzing the gamma-ray contribution of sample, the importance of photon (imp:p) in every lattice cell is adjusted. Only the importance of photon in sample is set as 1 (imp:p = 1), and in the other lattice cells the importance of photon is 0 (imp:p = 0), Then, the gamma rays, only emitted from the sample and escaped through the surface of sample lattice cell, are recorded by using the surface source write card (SSW).
Step 2 After using the SSW card by step 1, only the gamma ray emitted from sample is recorded. In this step, the importance in all lattice cells are set as normal (imp:p = 1), and by using surface source read card (SSR), the gamma ray recorded by SSW card is collected in detector after complete gamma-ray transport process in every lattice cell. Finally, the pure signal contribution of sample in detector is simulated.
By using the ordinary method of MCNP simulation, the total contribution in device is simulated. Then, the noise contribution is the subtraction between total contribution and signal contribution. According to the above steps, the SNR of device can be calculated. By using the calculation method of SNR, the device can be optimized directly based on the SNR evaluation.
MCNP simulation
In the research, according to the explosion-proof tank commonly used in public, the fundamental model of the EPDS is
Gamma rays emitted from sample Inherent background + Structural noise + Detector noise modeled in the MCNP. With the detection module designed in the device, the conceptual graph of EPDS is shown in Fig. 1 .
The size of EPDS is 43 × 85 cm (radius × height), with the internal measuring chamber is 25 × 47 cm (radius × height). D-T neutron generator is placed at the bottom of device, with the target at the axle wire of the device. Similarly, the BGO detector, embedded in the tank cover, is coaxial with the device. The HDPE fiber, with the thickness is 4.9 × 19 cm (wall × bottom), is set as the absorption buffer layer for absorbing the energy generated from explosion. Two stainless steel layers is utilized for preventing the flying debris.
Then, the geometry of modules is optimized based on the MCNP simulation in the following section, F1 card and F8 card are for particles recording, including neutron and gamma ray. For acquiring the good data with a small uncertainty, the particle number in MCNP simulation was set as 8 × 10 8 , and the uncertainties for both neutron and gamma ray were kept below 0.5%.
When D-T neutron generator is placed at the bottom of device, the emitted neutron can be moderated when through the absorption buffer layer, which is made by HDPE. Because of the absorption and scattering reaction in the HDPE, neutron flux in the sample is verified with the changing position of D-T neutron generator.
Based on the simulation result (shown in Fig. 2) , with the D-T neutron generator moved up, the thickness of absorption buffer layer over the generator decreases, and the absorption reaction of HDPE in the path between generator and sample decreases simultaneously. Thus, the thermal neutron flux increases from 1.544(5) × 10 −3 to 3.007(6) × 10 −3 . When the thickness of absorption buffer layer over the generator decreases to a small value, the scattering reaction in HDPE decreases, and the thermal neutron decreases simultaneously (from 16 cm shown in Fig. 2 ). Because of the decrease of distance between the sample to generator with the generator moved up, total neutron flux in the sample increases from 6.182(5) × 10 −2 to 2.34(10) × 10 −1 . For getting a higher thermal neutron flux in the sample, the better position of D-T neutron generator is set 16 cm away from the bottom.
Optimization of upper reflector layer
For increasing the neutron utilization, the upper reflector layer is set in the tank cover and around the BGO detector. Then, the effect, caused by the variation of thickness, is recorded and shown in Fig. 3 .
In general, graphite and lead are commonly employed as the material of reflector in PGNAA device. For keeping a low mass of device, graphite (density 1.82 g cm −3 ) is chosen as the material of reflector. With the increasing thickness of graphite, the scattering reaction with neutron increases, so that the neutron flux in sample increases (thermal neutron: from 3.001(4) × 10 −3 to 4.329(5) × 10 −3 ; total neutron: from 1.866(5) × 10 −1 to 2.085(6) × 10 −1 ), meaning the increase of neutron utilization, and this can improve the SNR of device (shown in Fig. 3 ). However, though the signal emitted from sample increases with the increasing thickness of graphite, the gamma ray, generated from scattering reaction between neutron and graphite, can make a contribution to the noise. Gamma rays emitted from graphite can suppress the SNR (from 6.96 ± 0.04 to 9.93 ± 0.05%, then decreased to 8.72 ± 0.04%). For getting a better SNR, the better thickness of upper reflector layer is chosen as 8 cm.
Optimization of moderator size
Because of the high energy (14 MeV) of initial neutron emitted from D-T neutron generator, the moderator layer should consist with soften module and moderation module for getting a better thermal neutron flux in sample. In PGNAA device, lead (Pb, soften module) with polyethylene (PE, moderation module) is commonly utilized for neutron moderation, therefore, Pb with PE is chosen as the material of moderator layer, setting over the neutron generator. As the total thickness and the thickness ratio of Pb and PE changes, the variation of SNR is shown in Fig. 4 .
At every total thickness condition, the same tendency of SNR variation can be seen in Fig. 4a . The SNR increases with the ratio of Pb/PE increases, and then decreases. The max value of SNR is always at the point that the ratio of Pb/PE is 4/1. When the ratio is determined at 4/1, the SNR increases with the increasing total thickness of moderator layer (from 9.93 ± 0.05 to 18.49 ± 0.05%, Fig. 4b ). For ensuring a large enough measuring chamber, the better choice for thickness of moderator layer is 10 cm, namely 8 cm Pb with 2 cm PE.
Then, the length of moderator layer is simply discussed. With the length of moderator layer decreases, the contribution of moderator layer to noise decreases, and the neutron flux in sample is affected simultaneously. Because of the different variation between signal and noise, the SNR changes with the variation of length (decreased from 14.03 ± 0.06 to 11.55 ± 0.05%, Fig. 5 ). For keeping a better SNR of device, the length could be reduced to 48 cm.
Optimization of shielding
In EPDS device, the HDPE fiber is utilized as the material of absorption buffer layer which is around the measuring chamber, and the gamma ray generated by the reaction with neutron can make a great contribution to the noise. Thus, Pb is chosen as the material of shielding, setting around absorption buffer layer in the measuring chamber (shown in Fig. 1 ). With the variation of radial thickness, the effect results are shown in Fig. 6 .
When the radial thickness of shielding increases, the reduction efficiency of noise contribution from absorption buffer layer becomes obvious. In addition, the neutron scattering with Pb can significantly improve the neutron flux in sample (thermal neutron: from 5.446(5) × 10 −3 to 7.181(5) × 10 −3 ; total neutron: from 1.555(6) × 10 −1 to 2.491(5) × 10 −1 ), so that the SNR of device increases with the increasing radial thickness of shielding (shown in Fig. 6 ). However, as the structural module, shielding reacts with neutron, and the generated gamma ray also causes the increasing noise contribution, finally the variation tendency of SNR becomes smooth and keeps at about 17.5 ± 0.1%. Thus, according to the SNR evaluation, the better radial thickness of shielding is chosen as 2 cm.
Optimization of reflector layer
Though the scattering neutron generated by shielding can enhance the neutron flux in sample, the main function of shielding is to reduce the noise contribution, and the gain effect is limited. Thus, for making a further improvement on the neutron flux in sample, the reflector layer (shown in Fig. 1) , with the material is chosen as graphite, is optimized, and the effect of the radial thickness variation is shown in Fig. 7 .
The probability of scattering reaction is benefit of the increasing radial thickness of reflector layer, finally improving the neutron flux in sample (thermal neutron: from 5.885(6) × 10 −3 to 1.43(10) × 10 −2 ; total neutron: 1.774(5) × 10 −1 to 3.347(5) × 10 −1 ). Furthermore, under the condition that the low contribution of reflector layer to noise, the increasing effective utilization of neutron will enhance the SNR (from 17.14 ± 0.09% to 24.36 ± 0.06%, Fig. 7 ). Under the comprehensive consideration with the limited space in measuring chamber, the radial thickness of reflector layer is set as 8 cm, and the internal measuring chamber is remained 25 × 47 cm (radius × height).
Optimization of detector shielding layer
In EPDS device, gamma ray, generated from the material of detector by neutron activation, may immediately deposited in detector, and its high rate of collection can make a great contribution to the noise, finally causing the SNR reduction. Thus, the detector shielding layer should be set for reducing the incident neutron in detector. Because of the high reaction cross-section with neutron and low emissivity of neutroninduced gamma ray, lithium carbonate (Li 2 CO 3 ) is chosen as the material of detection shielding layer and the simulation result is shown in Fig. 8 .
With the addition of detector shielding layer, the incident neutron in detector can be reduced. When the radial thickness of detector shielding layer is added, the enhancing efficiency on SNR is significant at 1 cm (24.25 ± 0.12%), and then becomes not very effective (Fig. 8) . Under the comprehensive consideration, the radial thickness of detector shielding layer is set as 1 cm.
Dose assessment of EPDS
As PGNAA is one of the nuclear measurement techniques, the EPDS device is radioactive when operated, and the dose should be evaluated for ensuring the personal safety and environment safety. In MCNP simulation, DFn card is used for calculating the dose around the EPDS, and the simulation result is shown in Table 1 .
According to the simulation result shown in Table 1 , the dose rates at every monitoring point around EPDS, with the distance is 1 m, are relatively low enough (the neutron emission rate is assumed as 10 8 n/s). Combined with the estimated operation hours, the accumulated dose is lower than 20 mSv [14] . Actually in the experimental measurement, the distance between operating room and EPDS is more than 1 m, so that the radioactivity of EPDS is safety.
Given the above, the modules in the EPDS are optimized based on SNR evaluation in MCNP simulation. The established device and its relative experiment are discussed in the following section.
Explosion-proof performance of device
For analyzing the Explosion-proof performance of EPDS, the ANSYS software is employed in the research. Firstly the EPDS is modeled in the ANSYS, 290,674 nodes and 1,485,367 cells are established in the model, and the undersurface is fixed as the base level. Then, according to the relative literature of explosive [15] , the load on the internal surface is set as 50 MPa, just for simulating the pressure generated from explosion, and the deformation quantity of wall is discussed (shown in Fig. 9 ).
In the Fig. 9 , the deformation quantity of cells is shown with different color. With the load is set on the internal surface, the maximum deformation of wall is 6.0354 mm. Comparing with the radius of wall, the deformation is small enough to be ignored, thus, it's indicated that the EPDS can make a good performance on explosion-proof within a certain equivalent range of explosive.
Experimental procedure
Based on the optimized model by MCNP simulation, the EPDS system with its operation system is built in the laboratory. As the core of system, the 10.16 × 5.08 (height × radius) cm 3 cylindrical BGO detector is chosen for collecting the gamma ray, and the size of D-T neutron generator is 71 × 3.8 (long × radius) cm 3 , filled with SF 6 gas for insulation and heat transferring. According to the component content of explosives, 6 simulated samples are made up for measurement, with the addition of 5 ordinary goods (shown in Table 2 ). For ensuring the counting statistics of spectrum, the measured live time is set as 2400 s for each sample, with the mass of 1 kg. When D-T neutron generator worked, the operation parameters is set as: high voltage 68 kV, current 0.36 mA, with the corresponding neutron yield is 7 × 10 6 n/s. The operating voltage of BGO detector is − 660 V, with the gain is set as 1.02.
Results and discussion
Explosive identification 11 simulated samples are measured by EPDS system. By subtracting the background spectrum, the differential spectra, with a part are shown in Fig. 10 , are calculated for identification analysis. In spectra, the characteristic peak of H (2.223 MeV, 332.6 mb), C (4.43 MeV, 21.6 mb), N (5.11 MeV, 43.6 mb) and O (6.13 MeV, 171 mb) are utilized for calculating the net counts. Based on the previous research of our group [16] , for acquiring the relative accurate net counts of characteristic peak, the MATLAB software is employed for peak fitting. According to the components of peak, it can be regarded as the net peak with the addition of a Compton platform (Eq. 2):
In Eq. (2), S(x) is the original peak, G(x) is the net peak with a gaussian type, C(x) is the Compton platform, with its type commonly as binomial expression.
As shown in Fig. 11 , by fitting the peak in the ROI of nitrogen, the net peak with a Compton platform can be acquired for investigation. With the above fitting method, the characteristic peak of H, C, and O are also treated for calculating the accurate counts of net peak.
With the net counts of characteristic peaks are calculated, the ratios of peak, including N/O, H/N, C/N and C/H, are utilized for explosives identification. As shown in Fig. 12 , with the utilization of element ratio, the explosives (square points) are converged in the area (dotted box), and the ordinary goods (circular points) are distinguished out of the area. Thus, though the explosives have the similar elementary composition or morphology, it can
Simulation result by ANSYS software 
Minimum detection time of EPDS
In addition, the detection time is set long enough (2400 s) for getting a good statistical data, eliminating the statistical interference to the analysis. However, detection time of 2400 s may not accomplish the requirement of rapid measurement in practice. Therefore, the minimum detection time at this condition should be investigated. In the research, HMX sample is utilized for detection. The detection time is ranged from 300 to 2400 s, with the gradient setting as 300 s. By using the spectrum of 2400 s measuring time as the standard spectrum, the standard deviation of spectra is calculated and shown in Fig. 13 .
With the measuring time increased, the better statistics is shown in spectrum, meant that the spectrum is more stable. Therefore, the standard deviation shows a decreasing tendency in Fig. 13 . For getting a relative stable spectrum in a relative short time, 600 s is a better choice for the measuring time.
Similarly, by using the spectra of HMX under different measuring time, the element ratio is calculated. As shown in Fig. 14, with the measuring time verified, the element ratio (triangle point) is always located in the explosive area (dotted box), moreover, most of them are concentrated on the small area, except the point of 300 s measuring time (shown in Fig. 14b ). Thus, 600 s is furtherly demonstrated as the better measuring time based on the discussion.
Conclusion
In this research, the explosion-proof detection integrated system (EPDS), with the PGNAA as the analysis technique, is designed for public security. With the D-T neutron generator and BGO detector as the core components, the EPDS Based on the optimized simulation, the D-T neutron generator is set half a parcel in the absorption buffer layer. For getting a better thermal neutron flux, Pb with PE is chosen as the moderator layer, and the better choice for thickness of moderator layer is 8 cm Pb with 2 cm PE. For improving the utilization of neutron, the reflector layers with graphite as material are optimized, the thickness of upper reflector layer is set as 8 cm, and the radial thickness of reflector layer is set as 8 cm. The leaden shielding is optimized for noise reduction, with the radial thickness is 2 cm. Detector shielding layer (made up by Lithium Carbonate) is around the detector, with the radial thickness is 1 cm. Furthermore, based on the dose evaluation around EPDS, it indicates that the EPDS is safety when operating with the neutron emission rate is assumed as 10 8 n/s. Then, the load generated from explosion is simulated in ANSYS software, and the result shows a good explosion-proof performance of EPDS.
Based on the optimized model, the EPDS device is established for explosive detection. C, H, O, N are chosen for spectra analysis, and the net counts of peaks are calculated by fitting method. With the analysis results of simulated samples, it shows the good performance of explosive identification based on the element ratio analysis. Considering the requirement of rapid measurement in practice, the detection time can be reduced to 600 s based on the investigation.
With the SNR evaluation on device optimization, the EPDS is modeled and established, and the initial performance is discussed in this research. Furthermore, the further work, including the repeated measurement for stability test, geometry effect of sample, measurement in complicated condition, etc., will be discussed and investigated.
